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1. INTRODUCTION

In Part I of this work (Schaff and Davidson, 1994a), a "strength-based wearout” model was developed for
predicting the life of composite structures subjected to constant amplitude and two-stress level fatigue loadings. This
model is phenomenological and experimental results from monotonic and a limited number of cyclic tests are
required for the determination of certain model parameters. For the relatively simple loadings considered in Part I,
the cyclic tests necessary to characterize the model were assumed to be performed at each load amplitude of interest.
However, many practical load histories contain numerous stress levels, and to use experimental data to characterize
the model at each of these would necessitate an extremely large number of tests.

In what follows, the model described in Part I is extended and applied to predict fatigue life distributions for
composite structures subjected to randomly-ordered load spectra. As in Part I, the model may be applied to any
structural configuration that undergoes proportional cyclic loadings. The principal step in extending the model to
spectrum fatigue is the development of a procedure to obtain all of the model's parameters for each stress level of
the spectrum using only a small amount of experimental input. For structures subjected to a spectrum containing
cycles with mean stresses of both signs, this procedure requires experimental determination of the structure's static
strength under positive and negative stress, S-N curves at three stress ratios, and a limited amount of two-stress level
fatigue test results. To verify the accuracy of the model and the associated model characterization procedures,
predicted fatigue life distributions are compared to experimental fatigue life data for three different laminate types

subjected to a variety of uniaxial spectrum fatigue loadings. Good correlation is obtained for all cases considered.

2. THEORY

In this section, the model's relationships developed in Part I for a structure's residual strength and probability of
failure are generalized to randomly-ordered loadings. The loading spectrum is assumed to be comprised of a series
of constant amplitude segments. The number of loading cycles in a given segment is arbitrary, and for certain
spectrums may only be on the order of a few cycles. Thus, the "i"" segment is defined as a series of loading cycles,
n;, in which the peak stress and mean stress are constant. At present, it is assumed that the model's parameters that

characterize that segment, e.g., the fatigue life scale parameter, N;, the fatigue life shape parameter, B, , and the
1




strength degradation parameter, v;, are all known. Determination of these parameters from a relatively modest amount
of data is addressed in a subsequent section. As in Part I, for multi-axially, proportionately loaded structures,
“tension” and "compression” loads are represented in terms of the single parameter that is used to describe the

loading.

2.1 Residual Strength

In order to obtain a generalized relation for the residual strength scale parameter from that developed in Part I,
we first consider a three-stress level loading sequence. Eq. (12) of Part I gives the scale parameter for residual
strength at the end of the first two loading segments. Following the same reasoning, the residual strength scale
parameter for the third segment is given by ’

V-
nj+neff3 ) 3

7 (1a)

R(n,+n,+n;) =R,= (R,=5;) (

where n; is the number of cycles elapsed within the third segment, S is the peak stress defining the third segment,

and the effective number of cycles for the third segment, "eff3’ 1s given by

RO—R(H1+1’12) ) /vy (1b)

neff3= N3 ( RO—S3

Here, R(n+n,) is determined using Eq. (12) of Part I. The strength at the end of the third segment is obtained by
substituting ns for 0 in Eq. (la).

Generalization of Equations (1a) and (1b) to an arbitrary number of loading segments yields

J N+ e )
R(Y 8 =R~ (Ry~S;) <—%>VJ | (2a)
where j=  current segment
R, =  static strength scale parameter
n;=  number of cycles in segment i for i#j
n= number of elapsed cycles in segment j
vi= strength degradation parameter for segment j
S)= peak stress defining segment j
Nj= fatigue life distribution scale parameter for segment j
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The effective number of cycles for the segment, N, is defined as
J

-1
Ro_R (iglﬂi) ) /v (2b)

nopr =N, (— 322
effj J ( Ro_sj

Notice that the residual strength scale parameter at the end of each segment is required in order to obtain the value

for the next segment. Thus, the model must always be applied on a segment-by-segment basis.

2.2 Probability of Failure

The probability of failure during the "j*" loading segment may be expressed as

J _ .
P[é(z Hi) SSj] =1—exp[—(_f—1-)35j‘ J)]
1=1 R(Enl)
i1

where, as in Part I, R is used to denote the statistical distribution of strength. R(Zni) is given by Equations (2), and
Bf.(nj) is given by Equations (16a) - (16¢) of Part I.

J

As discussed in Part I, the model defines the current probability of failure as the largest probability of failure up

to and including the current load segment.

2.3 Strength Conversion

For structures that experience both tension and compression dominated load cycles, a procedure must be developed
to convert between residual tension and compression strengths. The fundamental issue is the affect of tension-
induced damage on compression strength and vice-versa. Although there are some experimental results which
indicate that cycling under a mean stress of a given sign degrades the residual static strength for loading under the
opposite sign (e.g., Hahn, 1979; Tsai, 1988), their interpretation is made more difficult by coupon-specific failure
modes, such as free edge delamination, that will not occur in full-scale structure. This significantly complicates the
development of an empirically derived quantitative relation. Alternatively, to address this issue using an analytical
or numerical model would require detailed micro-mechanical considerations of the nature and scale of damage in

the structure. This is clearly beyond the scope of the present approach. Rather, we addressed the issue




phenomenologically, with the goal of developing a relation between the strength loss in compression versus that in
tension that reasonably reflects observances.

As an example, consider the case where the Weibull scale parameter for static tension strength is significantly
larger than that for compression. Further, suppose that a very limited amount of tension dominated cycling occurs
and then the loading sense is reversed. Over the first segment, the model predicts residual strength loss in tension;
over the second segment, the model must predict the strength loss in compression from the current state. Clearly,
the compression strength at the beginning of this second segment cannot be equal in magnitude to the residual tension
strength, because this may exceed the static compression strength. Alternatively, the experimental evidence cited
above indicates that the initial compression strength, at the start of the second segment, is likely lower than the static
compression strength. To account for this effect, the model degrades the residual compressive strength by the same
percentage as was predicted for tension, and it employs a similar relation for changes from compression to tension

dominated cycling. Explicitly, the following relations are used:

R

R(n) = R*(n) —"t (tension - compression) (4a)
RO
R t

Rt(n) = R°(n) —"c (compression - tension) (4b)
Ry

where Rg and Ré are the static compression and tension strength scale parameters, respectively.

2.4 Cycle Mix

For spectrum loading, the cycle mix factor is applied during each load transition where the magnitude of the mean
stress increases. For loadings that contain sign changes in the mean stress, it is preferable to use two cycle mix
constants: one is used for transitions to a compressive mean stress, and a second is used for transitions to a positive
mean stress. These constants are obtained from small and large block two-stress level fatigue test results as described
in Part I of this work. The effects of cycle mix are most pronounced for those loading spectrums where the number

of cycles in any given constant amplitude segment are small.




3. MODEL CHARACTERIZATION FOR GENERAL LOADING SPECTRUMS

In this section, we consider the determination of the fatigue life scale parameters, N;, the fatigue life shape
parameters, Bli, and the strength degradation parameters, v;, that are used by the model to characterize each segment
of a particular load spectrum. These parameters are obtained from a relatively modest amount 6f static strength,

constant amplitude fatigue, and two-stress level fatigue test data through the use of a series of master diagrams.

3.1 Experimental Database
3.1.1 Monotonic Tests

Monotonic tests are required to determine the structure's static strength and its associated Weibull distribution.
If the model is to be used to predict the life of a structure that is subjected to mean stresses of only one sign, a
minimum of five tests are required. For example, if only positive mean stresses are included in the spectrum of
interest, then the only monotonic test data needed is for failure under positive stress. The data from these tests is
reduced by the maximum likelihood method (Talreja, 1981) to obtain the static strength Weibull distribution. For
structures subjected to loadings that contain mean stresses of both signs, at least five tension and five compression
tests are required to obtain R:, B;, Rg and BS, i.e., the scale and shape parameters, respectively, for the static tension

and compression strength distributions.

3.1.2 Cyclic Tests

The results of constant amplitude tests are used to determine those model parameters that are necessary to predict
the strength degradation during a loading segment, and two-stress level test results are used to determine the one or
two required cycle mix constants. Depending upon the loading spectrum of interest, constant amplitude tests are
required at either two or three stress ratios. For convenience, denote these ratios as Ry, Rg and Rg,. In our
notation, R is always used in the test program, R, is only used when there are load cycles in the spectrum with
a positive mean stress, and R, is only used when there are cycles with a negative mean stress. Thus, both Ry, and
R, are used only when the loading spectrum contains cycles of both types. These same stress ratios are also used

for cycle mix testing. The way in which R., R¢; and R, are chosen is discussed below, along with the aid of the

SO’




partial master diagram of Figure 1. This diagram is for a material or structure with equal strengths in tension and
compression. It contains no experimental data, but simply plots lines of constant stress ratio versus mean stress and

stress amplitude. The conventional definitions of mean stress, S, stress amplitude, S,, and stress ratio, R, are

mn’

adopted, i.e.,

=(5 +Smin) /2 Sa= (Smax - Smin) /2 Rs=smin/smax (5)

mn max

where S, 1s the maximum stress defining a segment and S, the minimum stress.

Suppose that the spectrum of interest contains stress ratios only in the range 0 < R <1, denoted in Figure 1 as
tension-tension fatigue. With reference to the figure, for spectrums that contain mean stresses of only one sign, Re,
is always chosen as an "inner bound.” In this example, R, would be chosen equal to the smallest stress ratio in the
spectrum or else equal to zero. R, is chosen to "best characterize” the remaining tension dominated loads in the
spectrum. It is always at positive mean stress, and will lie on the tension dominated side of the master diagram
between Ry and R=1. Typically, R.; is chosen relatively close to the most commonly occurring tension dominated
stress ratio in the spectrum. If the loading spectrum contains stress ratios in the range -1 < R <1, iLe., tension
dominated fatigue, then R  can be chosen equal to the smallest (most negative) stress ratio in the spectrum or else
it can be taken equal to -1. R is chosen in the same manner as above.

For compression-compression fatigue, all stress ratios are greater than 1.0. Thus, choosing R, as an "inner bound"
means it is equal to or greater than the largest stress ratio in the spectrum; R ,=c= is the upper limit for this case.
R, is chosen to "best characterize” the remaining loads in the spectrum. It is always at a negative mean stress and
will lie on the compression dominated side of the master diagram between Ry, and R=1. Similar to R}, R, is
chosen relatively close to the most commonly occurring compression dominated stress ratio in the spectrum. For
compression dominated fatigue, e.g., | Rsl > 1, Ry, is chosen equal to -1 or to the largest stress ratio of all
compression-tension cycles (-0 < Rg < -1) in the spectrum, and the procedure for choosing R, is unchanged.
Finally, for loading spectrums containing mean stresses of both signs, R, =-1 is used, Ry is chosen to best

characterize the tension dominated cycles, and R, is chosen to best characterize the compression dominated cycles.

For each stress ratio chosen, individual S-N curves are plotted using Weibull fatigue life scale parameters. To
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this end, at a given stress ratio, at least five tests are performed at each of three stress amplitudes. Each set of five
or more?({ests are reduced to obtain a fatigue life scale parameter, N, and a fatigue life shape parameter, B,. The
individual S-N curves therefore represent the behavior of the 63.2 percentile of the life distributions.

To determine the one or two cycle mix constants, two-stress level fatigue testing is conducted. The cycle mix
constant for transitions to a positive mean stress is obtained by small and large block tension-tension tests at stress
ratio R}, and the cycle mix constant for transitions to a negative mean stress is obtained by small and large block
compression-compression testing at stress ratio R¢,. The stress amplitudes in these blocks should be typical of those
in the loading spectrum of interest.

The type and number of tests that are required to characterize the model for an arbitrary loading spectrum are
summarized in Table 1. In the table, "+" refers to a spectrum that contains only tension dominated cycles (positive
mean stress), and "-" refers to a spectrum that contains only compression dominated load cycles. We also point out
that this table presents the minimum number of tests that must be performed for each type of spectrum. More tests
are of course preferable, as they provide a more statistically significant sample size.

Table 1. Type and Number of Tests Required for Model Characterization

Mean Stress in Spectrum
Type of Test: "+" only "-" only "+" and "-"
Static Tension 5 0 5
Static Compression 0 5 5
S-N curve at Stress Ratio:
R, (5 replicates at 3 stress amplitudes) 15 15 15
R (5 replicates at 3 stress amplitudes) 15 0 15
Ry, (5 replicates at 3 stress amplitudes) 0 15 15
Large & Small Block at Stress Ratio:
R, (5 tests of each type) 10 0 10
Rgy (5 tests of each type) 0 10 10
Total number of tests required: 45 45 75




3.2 Determination of N, B; and v for Arbitrary Loadings

For characterization of a structure's behavior under a fully reversed loading spectrum, (i.e., one that contains both
positive and negative mean stress), the results of the previous experiments and associated data reduction procedures
will provide the static strength scale and shape parameters, the scale and shape parameters for fatigue life for constant
amplitude loadings at three stress amplitudes at each of three stress ratios, and the two cycle mix constants. The
critical step in model characterization is to generalize these results to provide the key model parameters, N, B, and
v, for each stress amplitude and stress ratio that occur in the loading spectrum. For the fatigue life scale parameter,
N, this is accomplished through a "standard” master diagram (e.g., Tsai, 1988) and modified Goodman relations
(Goodman, 1930; Farrow, 1993). Arbitrary values of the fatigue life scale parameter, By, and the strength degradation
parameter, v, are obtained through "modified" master diagrams.

Consider the construction of a master diagram that will be used to determine the fatigue life, N, corresponding
to an arbitrary mean stress and stress amplitude. First, the previously developed S-N curves for the 63.2% probability

of failure may be expressed as

S,=A, loghN + B, ()
where S, = Stress amplitude

A= Slope of S-N curve for stress ratio Ry,

N= Scale parameter for life

B,= Stress amplitude intercept of S-N curve for stress ratio R

If the structure's behavior under a fully reversed loading spectrum is being characterized, then there will be three
values of A and three values of B,.. These constants are readily obtained by a least-squares curve fitting procedure.

Next, the two or three stress ratios that ha§e been characterized using Eq. (6) are plotted on a master diagram.
A partial diagram is illustrated in Figure 2 for the case where constant amplitude fatigue test data has been obtained
at stress ratios of R, ,=-1.0, R;;=0.1, and R»=-10.0. Note that Eq. (6) may be used to determine the fatigue life
scale parameter for any arbitrary stress amplitude at the stress ratios tested. For other stress ratios, a modified

Goodman relation is used to obtain the fatigue life scale parameters. The general form of this relation is given by

S,= 5,01 - (Smym) )

a ao R
(=




where S, and S are the stress amplitude and mean stress at which the scale parameter for life is desired,
respectively, and S, is the stress amplitude obtained from Eq. (6) for Re= R. For loadings that fall between the

static tension strength and R., R | is taken to be the scale parameter for tension strength; otherwise, R, is taken to

o4

be the scale parameter for compression strength. m is a curve-fitting parameter, and is chosen to pass through the
appropriate point on the "intermediate” stress ratio line, R;, for which data has been taken. If the Goodman relation

is to be between the static tension strength and R_, then R= R}, and if the Goodman relation is to be between

SO’

the static compression strength and R, then Ri;= R,. To obtain m, let the stress amplitude and mean stress

SO’

respectively. These values

corresponding to the life of interest on the intermediate line be denoted by S,;and S_;,

can be obtained from Eq. (6) defined at R¢;- Then

1751y /10

ao

S mi

o) Q

m=1og (

o

Equations (6) - (8) mathematically define a master diagram for life, and the life corresponding to any arbitrary stress
amplitude and stress ratio may be obtained by an iterative procedure. For example, for a given S, and S of
interest, one "estimates” a corresponding scale parameter for life, N.. Equation (6) is first applied at R to obtain
the stress amplitude corresponding to Ne. This is denoted in Equations (7) and (8) as Sao‘ Equation (6) is then
applied at R; to obtain the stress amplitude and mean stress corresponding to N.. denoted in Eq. (8) as S; and Sis
respectively. These results give m, Eq. (8), and S, Eq. (7). If this value of S, agrees with the value of interest,
then the estimate of life was correct. Otherwise, N, is adjusted and the process repeats until convergence is
achieved.

The strength degradation parameter and fatigue life shape parameter are determined from "modified” master
diagrams that display lines of constant v or B. First, values of v are determined for each stress amplitude and stress
ratio at which constant amplitude fatigue tests were performed. This is accomplished using the methodology described
in Part I of this work. The resulting values of v are used, as are the previously determined values of B, to develop

linear S-v and S-B, relationships for each stress ratio. This step is essentially the same as was done for the S-N data.

10
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Using linear least-squares curve fitting procedures, the constants Cy> Dy, Ey and F in the following equations are

obtained:

S,=C vV + D (10)
S,=E . B; + Fi

. The parameters in Equation (9) and (10) are defined similarly as for Eq. (6); Ck and E, are the slopes of the curve-
fits (corresponding to each stress ratio), and Dy and F_their intercepts. Master diagrams for v and B, are constructed
by linearly connecting like values, as depicted in Figures 3 and 4. As for the case for the standard master diagram,
the diagrams themselves are primarily for interpretation. Actual values of v and B, for a given loading may be found
from Equations (9), (10), and an additional pair of equations that proVide the slopes of the curves on the modified

master diagrams.

3.3 Summary

The procedure for fully characterizing the model for spectrum loading is reviewed below. First, the load spectrum
of interest is examined. Of particular importance is the mean stress and stress ratio for each segment in the spectrum.
Based on this information, the stress ratios are selected for the experimental database used to characterize the model.
Next, the S-N, S-v, and S-B, relationships are obtained from the constant amplitude fatigue data for each stress ratio.
This information is used to generate master diagrams from which the parameters N, v, and B, may be calculated for
each load segment in the spectrum. Static strength distributions are obtained from monotonic tests, and the cycle mix
constants are obtained from large and small block two-stress level fatigue tests. At this point, all model parameters
for all load segments in the spectrum are characterized and the model may be applied to predict residual strength

and probability of failure.
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4. RESULTS
4.1 SGF Spectrum

In this section, life predictions by the model are compared to experimental results reported by Schutz and Gerharz
(1977) for uniaxial spectrum loadings of [02/145/02&45/'9?)] s graphite/epoxy test specimens. All specimens contained
a gage section approximately 0.4 inches (10mm) wide by 0.8 inches (20mm) long housed in "Teflon coated anti-
buckling supports." Comparisons are made for two Schutz and Gerharz Fighter (SGF) loading spectrums. Each SGF
load spectrum simulates the stress history on the upper wing surface at the wing root of a fighter aircraft and
conststs of a series of 16 compression fatigue loadings of various severities. There are 14,031 cycles in a complete
spectrum. This corresponds to approximately 200 flights, or a typical year of service. The loading sequence is such
that all loads of a given stress amplitude are applied as a "block."

The individual SGF spectrums are identified by their peak compressive stress. For the test geometries considered,
SGF1 contains a peak compressive stress of 105.15 ksi and SGF2 contains a peak compressive stress of 94.56 ksi.
Figure 5 presents a bar chart of the magnitudes and sequences of the stresses in the two spectrums. Schutz and
Gerharz reported that only three test replicates were performed for each spectrum. Although this is not a statistically
significant sampling, we choose to present this data as it has also been used for comparison by Yang (Yang and Du,
1983). We also compare these results to predictions made by Schutz and Gerharz (1977) using the Palmgren-Miner

rule (Palmgren, 1924; Miner, 1945).

4.1.1 Model Characterization

The SGF1 and SGF2 spectrums contain only compression dominated loadings. Therefore, according to the
recommendations of Table 1, a minimum of 45 tests are required. These include the static compression strength
distribution, and the fatigue life distributions for the stress ratios Rso and Rsz. Both SGF1 and SGF2 contain
compression and compression-tension segments, and the largest stress ratio of the compression-tension cycles in
either spectrum is approximately -3.75. Schutz and Gerharz generated fatigue life data at three stress ratios: -1.0, -
1.66, and -5.0. In what follows, we take R,=-1.0 and R, = -5.0 to determine the model's parameters. We also

illustrate how the additional data, at R;=-1.66, may be incorporated if so desired. Also, note from Figure 5 that
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the magnitude of the mean stress decreases for 11 out of the 16 load transitions in the spectrum. As a result of this,
along with the fact that the SGF spectrums contain relatively large block loadings, we are able to apply the model
without incorporating a cycle mix factor. That is, all predictions for these spectrums use C,,=0.

The static compression strength distribution was reported by Schutz and Gerharz (1977) in terms of Weibull
parameters. Based on 31 static tests, they obtained Rg=124.0 ksi and B_=28.1. Data from their constant amplitude
fatigue tests was presented graphically, and at least four replicates were performed at each stress amplitude and stress
ratio. This data was reduced to obtain N, B, and v, and the results are presented in Table 2. Table 3 lists the linear

curve fitting constants for the S-N, S-B}, and S-v curves as defined by Equations (6), (9), and (10).

Table 2. Fatigue Life Distribution Data

R S, (ksi) N (cycles) B, v

-1.00 79.2 16,587 4.2 1.20

-1.00 63.6 196,134 5.3 0.90

-1.00 52.7 858,867 59 0.50

-1.66 74.0 5,206 443 1.70

-1.66 64.0 60,662 6.36 1.50

-1.66 455 640,499 2.98 0.75

-5.00 56.0 23,560 2.24 1.60

-5.00 47.1 89,566 4.38 1.50

-5.00 38.1 849,773 4.32 1.00

Table 3. Curve Fitting Constants
R, A (ksi) B (ksi) C (ksi) D (kst) E (ksi) F (ksi)

-1.00 -154 145 37.3 32.8 -15.5 144
-1.66 -14.8 132 28.6 235 4.90 38.6
-5.00 -11.2 104 25.9 11.6 -6.21 69.7

Figure 6 shows the fatigue life master diagrams used to obtain N for SGF1 and SGF2. This tigure shows constant

life curves for N= 103, 10%, 105, 106, and 107 cycles and was plotted using Equations (6)-(8) and the S-N fatigue
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data for Ri=-1 and -5. The figure indicates that R =-5 "best characterizes" the loads in the spectrum, and for this
reason was chosen as Ry,. As discussed previously, the fatigue life scale parameters for any load level may be
approximated by interpolation from the figure, however, we used Egs. (6)-(8) directly. Also, note from Table 2 that
none of the experimentally determined constant amplitude fatigue lives extend beyond 10° cycles. This data was
extrapolated to 107 cycles to create the master diagram of Figure 6. Further, note that four load levels in each
spectrum fall below the constant life line for N=10". To avoid extrapolation beyond 107 cycles, we used the
conservative estimate that the fatigue lives of these points could be set equal to 107 cycles.

Figure 7 shows the modified master diagram for the fatigue life shape parameter, B;. Linear lines connect like
values of B based on the S-B, curves for stress ratios of -1 and -5. As in the previous case, 107 cycles was used
as a "cut-off" value, beyond which we did not extrapolate data. To assist in the determination of B| for N>107 cycles,
the life curve for N=10’ cycles is also plotted in Figure 7. For load levels below this curve, the fatigue life shape
parameter was obtained from the intersection of the N=10" curve and the stress ratio of interest.  Figure 8 shows
the modified master diagram for v. The constant v lines are constructed in this figure by connecting like values of
v using all the available data, i.e., R=-1, -1.66, and -5. Values for v corresponding to R.=-1.66 are included in
Figure 8 primarily to show how additional data may be incorporated. Inclusion of this data does not have a
significant affect on predicted lives, nor does choosing R ,;=-1.66. As in the previous case, N=10" was used as a
"cut-off" beyond which data was not extrapolated. The model's parameters for SGF1 and SGF2 are listed in Tables
4 and 5, respectively. These values were obtained from Equations (6) - (10) using the previously described

procedures.
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Table 4. Model Parameters for SGF1

Blk Shin R, n log N v B,
(ks1)
1 -105.15 -3.76 2 3.60 2.00 1.25
2 -95.72 -4.85 7 4.17 1.80 2.00
3 -90.21 -8.20 34 4.55 1.65 2.40
4 -81.65 -7.51 121 5.00 1.40 325
5 -72.66 -6.51 290 5.46 1.20 4.15
6 -64.25 15.28 641 6.18 1.20 5.00
7 -55.84 13.28 1136 6.63 1.00 5.90
8 -41.48 3.25 1800 7.00 1.20 6.25
9 -38.43 2.98 2000 7.00 1.00 6.00
10 -29.44 2.33 7000 7.00 1.20 5.50
11 -10.59 4.87 800 7.00 1.00 6.50
12 -72.64 -6.86 100 5.46 1.20 4.25
13 -81.65 -7.71 66 6.04 1.40 3.25
14 -90.35 -8.53 27 4.55 1.60 1.80
15 -95.87 -9.06 5 4.26 1.80 1.75
16 -105.15 -9.93 2 3.77 2.00 1.00
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Table 5. Model Parameters for SGF2

Level Snin (ksi) R n log N v B,
1 -94.56 -3.75 2 4.21 1.75 2.5
2 -86.14 -4.87 7 473 1.60 3.0
3 -81.22 -8.24 34 5.08 1.45 35
4 -73.35 -7.44 121 5.47 1.25 4.0
5 -65.41 -6.54 290 5.85 1.10 5.0
6 -58.01 15.39 641 6.46 0.95 5.8
7 -50.17 13.31 1136 6.83 0.80 6.5
8 -37.27 3.25 1800 7.00 0.90 6.0
9 -34.66 3.03 2000 7.00 0.95 6.0
10 -26.54 2.32 7000 7.00 1.00 6.0
11 -15.09 5.00 800 7.00 0.80 6.5
12 -65.42 -6.94 100 5.86 1.10 5.0
13 -73.53 -7.80 66 5.47 1.25 4.0
14 -81.35 -8.63 27 5.08 1.40 33
15 -86.29 -9.15 5 4.83 1.55 1.8
16 -94.56 -10.05 2 4.39 1.75 2.0

4.1.2 Prediction vs Experiment

Experimental and theoretical fatigue life results are shown in Figure 9 for the SGF1 load spectrum. In the figure,
200 flights corresponds to one time through the spectrum, e.g., the 14,031 cycles comprising the 16 load levels
depicted in Figure 5. For this loading, the model demonstrates good correlation with experiment and provides
somewhat better agreement than Yang's model. The Palmgren-Miner rule predicted the mean fatigue life, or soth
percentile, to be 28,490 flights. This is more than 3 times larger than the observed value.

Figure 10 compares the model's predictions with experiment, and with predictions by Yang's model for SGF2.
Again, the best predictions are obtained using the present approach. The Palmgren-Miner rule predicted a mean

fatigue life of 90,090 flights; this exceeded the experimental results by a factor of four.
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4.2 FALSTAFF Spectrum

In this section, life predictions by the model are compared to experimentally obtained fatigue life distributions for
graphite/epoxy laminates subjected to the Fighter Aircraft Loading STAndard For Fatigue (FALSTAFF) spectrum.
These results were obtained from the FAtigue and Damage tolerance Data (FADD) test program conducted by Farrow
(1989). Two types of laminates were considered: 1) a predominately angle-ply XAS/914C graphite/epoxy laminate,
with an orientation of [+45/90/(+45),]; (hereafter referred to as "angle-ply”), and 2) a quasi-isotropic XAS/914C
graphite/epoxy laminate, with an orientation of [+45/0/90]5;. All tests consisted of uniaxially loaded, 10.6in (270mm)
long x 1.18in (30mm) wide, "fastener type" specimens. These specimens contained a 0.191n (4.83mm) diameter
drilled and countersunk hole, into which a 0.19in (4.81mm) diameter countersunk fastener was placed and torqued
to 6.78ft-1b (5.0 Nm). All data from the FADD study was reported by Farrow in the form of Weibull distributions;
it is stated that Weibull scale and shape parameters were calculated using the maximum likelihood technique (Talreja,
1981) and a minimum of six data points. All reported stresses are based on "net section area,” i.e., the specimen

width, less the hole diameter, multiplied by the thickness.

4.2.1 Introduction to FALSTAFF

FALSTAFF is a standardized random-ordered loading spectrum that simulates the in-flight load-time history of
fighter aircraft. One spectrum "block” contains a series of 17,983 cycles which simulate the loading on the wing skin
of a fighter aircraft over a period of 200 flights (Van Dijk and De Jonge, 1975; Have, 1989). The loading sequence
is different for each flight, and depends on thé type of aircraft, the take-off weight, and the aircraft's mission. The
magnitude and sign of each individual load level is directly proportional to a user defined test limit stress, Sy , which
may be positive or negative. The flexibility of the FALSTAFF spectrum allows a wide variety of very different
loading spectrums to be defined. As such, the FALSTAFF spectrum is commonly used in the production of fatigue

life and/or crack growth data.
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4.2.2 Model Characterization for FALSTAFF

Characterization of the model for the FALSTAFF spectrums is essentially the same as outlined for the SGF1 and
SGF2 spectrums. The two fundamental differences are that (1) characterization testing is performed at three stress
ratios, R51:0.1, RSO:-I.O and R52=10.O, and (2) a cycle mix constant is often required. The cycle mix effect may
be important in the FALSTAFF spectrum, as many of the constant amplitude segments are only a few cycles in
length. A detailed description of the characterization procedure for both laminate types is presented in Schaff and

Davidson (1994b).

4.2.3 Prediction Versus Experiment for Angle-Ply Laminates

The experimental data on the angle-ply laminates was compared to the model's predictions for FALSTAFF load
spectrums containing test limit stresses of 30.3, 25.9, -37.7 and -33.1 ksi. For reference, the static strength scale
parameters for these laminates were 36.3 ksi for tension and -44.0 ksi for compression. The model's predictions that
are presented in this section used C=5.38 x 10’7; this value was determined according to the procedure in Part I
(Schaff and Davidson, 1994a) and specifics are given in Schaff and Davidson (1994b). Although the value of Ch
was determined from tension-tension loading, it was used for both tension and compression dominated FALSTAFF
spectrums. This was necessary simply because sufficient data was not presented by Farrow (1989) to determine Ch
for transitions to a negative mean stress. In order to demonstrate the affect of the cycle mix factor on the predicted
life distributions, the "fatigue life,” used subsequently to denote the 63.2 percentile of the failure distributions, is
presented for both C, =0 and for C,_=5.38 x 107

Figure 11 shows the probability of failure as predicted by the model and as obtained by experiment for a test limit
stress of 30.3 ksi. For this load case, the model's predictions show excellent correlation to experiment. The theoretical
and experimental failure curves agree within 5% throughout the entire range of failure probability values. For the
“fatigue life," hereafter used without quotes to refer to the 63.2 percentile of the distribution, the model's prediction
and the observed results are 31 and 29 blocks respectively. For comparison, if cycle mix is neglected in the wearout
model (i.e., C_;=0), the model over-predicts the fatigue life by a factor of two. Thus, by accounting for cycle mix,

the predictive capability of the model is significantly improved. For the same load case, the Palmgren-Miner rule

24




PROBABILITY OF FAILURE

PROBABILITY OF FAILURE

1
0.9- FALSTAFF Loading

) Limit Stress=30.3 ksi
0.87 Angle-Ply Laminate
0.74 Ciba Geigy XAS/914C

/4

0.6
0.5
0.4 : / Prediction
0.3
0.2
0.1

0 1 -l-'-’-.----:-"‘ T T T T

0] 5 10 15 20 25 30 35 40

BLOCKS
Figure 11. Comparison of predicted and observed results for a
FALSTAFF loading with a limit stress of 30.3 ksi
(data of Farrow, 1989) '

1 -
0.o] FALSTAFF Loading I

" | Limit Stress=25.9 ksi
0.81 Angle-Ply Laminate
0.7 Ciba Geigy XAS/914C

Prediction ;

0.6 :
0.51 ! /Experimental
0.4 Results
0.3+
0.21
0.1+

0 = ; Y anmpe T T T

0 20 40 60 80 100 120 140 160

BLOCKS
Figure 12. Comparison of predicted and observed resuits for a
FALSTAFF loading with a limit stress of 25.9 ksi (data of Farrow, 1989)

25




1

I'4
0.9- FALSTAFF Loading ,."
™| Limit Stress=-33.1 ksi /
r 0.8 Angle-Ply Laminate
2 .| CibaGeigy XAS/914C ;
3 0.7 H
w
r 0.6
O
> 0.5
Lo
= 0.4-
m .
< Experimental
m 0.3 ;
o) Results ;
T 0.2- 7/ Prediction
0.1- /
0 = y—m——— I—- T T T T
0 25 50 75 100 125 150 175

BLOCKS

Figure 13. Comparison of predicted and observed resuits for a
FALSTAFF loading with a limit stress of -33.1 ksi (data of Farrow, 1989)

26




predicted the mean fatigue life, or soth percentile, to be 185 blocks. This exceeds the experimental mean of 28 blocks
by over a factor of six.

The FALSTAFF load case defined by a 25.9 ksi test limit stress is presented in Figure 12. In this figure, rgasonable
correlation is obtained for the failure distributions. The model's predictions for fatigue life are within 5% of the
experimental results. As in the previous case, the predictions from the model without the cycle mix factor, and by
the Palmgren-Miner rule, provided unconservative estimates of fatigue life.

Figure 13 shows the results for a compression load case on the angle-ply laminate with a test limit stress of -33.1
ksi. Relatively good correlation is once again observed, although the predicted distribution is not quite as disperse
as the experimental results. Further discussion of the reasons for this are presented in Schaff and Davidson (1994b),

as are observed versus predicted life distributions for S; =-37.7 ksi.

4.2.4 Prediction Versus Experiment for Quasi-isotropic Laminates

Figures 14 and 15 present the model's predicted probability of failure versus the experimental fatigue life
distributions for quasi-isotropic laminates subjected to FALSTAFF spectrums with test limit stresses of -69.4 ksi and
-65.5 ksi, respectively. The static strength scale parameter for compression for this laminate equals -78.4 ksi. The
model's results presented in this section do not account for cycle mix effects. This was due to the absence of the two-
stress level fatigue data that is necessary to determine the cycle mix constant. However, based on the damage
mechanisms involved, one would expect the cycle mix effect to be less important in quasi-isotropic than in angle-ply
laminates and in general, less important for increasingly fiber dominated layups. Indeed, the wearout model without
the cycle mix factor agrees reasonably well with the experimental data for both load spectrums. For the data of
Figure 14, the model under-predicts fatigue life by 10%; for comparison, the Palmgren-Miner rule predicts the
average fatigue life to be 913 blocks, whereas the experimental value was 75 blocks. In Figure 15, the wearout model
over-predicts the experimental fatigue life by 38%. The undef—prediction of life for the spectrum of Figure 14, and
the over-prediction of life for that of Figure 15, suggests that the degradation of strength and fatigue life due to cycle
mix effects are not significant for the quasi-isotropic laminate in compression dominated loadings. Further testing

is required to ascertain whether this result can be extended to other materials and load spectrums.
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Table 6 summarizes the results for all laminates subjected to FALSTAFF loadings that we have considered to-date.
Results are presented for fatigue life, e.g., for .the 63.2 percentile of the predicted life distribution, both with (C_#0)
and without (C_=0) inclusion of the cycle mix effect. In all cases, the model's fatigue life predictions with the cycle
mix factor incorporated are quite good. This is particularly impressive considering the complexity of the loading and

the relative simplicity of the model. In all cases, the Palmgren-Miner rule, which predicts the soth

percentile of the
life distribution, is highly unconservative. Also, for all cases considered to-date, this model shows better correlation

to experiment than all other fatigue models of which we are aware.

Table 6. Fatigue Life Prediction Comparisons (FALSTAFF blocks to failure)

Limit Laminate Model Model Observed P-M Observed
Stress type C,=0 C#0 Fatigue Prediction Fatigue
(ksi) (63.2%) | (63.2%) Life (50%) Life
(63.2%) (50%)
30.3 angle-ply 59 31 29 185 28
259 angle-ply 236 120 129 790 122
-37.7 angle-ply 53 26 38 240 36
-33.1 angle-ply 251 94 106 790 92
-69.4 quasi-iso 76 NA 84 913 75
-65.5 quasi-iso 171 NA 124 1291 104

5. CONCLUSION

A residual strength-based wearout model has been presented for the life prediction of composite structures
subjected to complex spectru-m fatigue loadings. Similar to those developed previously, this model is
phenomenonolgical and semi-empirical. However, only a limited experimental database is required for model
characterization. Most importantly, the model has shown excellent correlation to a variety of experimental results,
including highly complex FALSTAFF loading spectrums. This is particularly true if fatigue life comparisons are
based on the 63.2 percentile of the probability of failure distribution.

In terms of its predictive capability, the model herein is the most successful, of which the authors' are aware, for
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life assessment of composite laminates subjected to spectrum fatigue loadings. In an effort to further increase the
model's accuracy, we are currently performing a more comprehensive investigation of the effects of cycle mix. We
are also evaluating various modifications to the model to obtain better predictions for fatigue life for the lower end
of the probability of failure curves, i.e., in order to predict a statistically significant "minimum life." However, it is
our belief that the current model is sufficiently accurate to be incorporated into the present day design process,
thereby providing more efficient utilization of composite materials in the development of new composite structures.
Incorporating model characterization into the design process will also offer significant benefit for cases where it is
found that the loading spectra are different than those used for the structure's design. That is, rather than embarking

on expensive test programs, this model may be used to determine an updated life based upon the true service usage.

6. BIBLIOGRAPHY

Farrow, I. R., 1989, "Damage Accumulation and Degradation of Composite Laminates Under Aircraft Service
Loading: Assessment and Prediction Vol. I and II," Cranfield Institute of Technology, Ph.D.
Thesis.

Goodman, J., 1930, Mechanics Applied to Engineering, Vol. 1, 9th Ed., Longmans Green, London.

Hahn, H. T., 1979, "Fatigue Behavior and Life Prediction of Composite Laminates," Composite Materials.
Testing and Design (Fifth Conference), American Society for Testing Materials, STP 674, S.W.
Tsai, Ed., pp. 383-417.

Have, A. A., 1989, "European Approaches in Standard Spectrum Development,” American Society for Testing
and Materials, STP 1006, pp. 17-35.

Miner, M.A., 1945, "Cumulative Damage in Fatigue," Journal of Applied Mechanics, Vol. 12, pp. 159-164.

Palmgren, A., 1924, "Die Lebensdauer von Kugellagern,” Zeitschrift des Vereins Deutscher Ingenieure, Vol. 68,
pp- 339-341.

Schaff, J. R. and Davidson, B. D., 1994a, "Life Prediction Methodology for Composite Laminates.
Part I: Constant Amplitude and Two-Stress Level Fatigue,” WL-TR-94-4046, Air Force Wright
Laboratory.

Schaff, J. R. and Davidson, B. D., 1994b, "Life Prediction for Composite Laminates Subjected to Spectrum
Fatigue Loading, Durability of Composite Materials, R.C.Wetherhold, Ed., The American Society
of Mechanical Engineers, MD-Vol. 51, pp. 90-109.

Schutz, D. and Gerharz, J.J., 1977, "Fatigue Strength of a Fibre-Reinforced Material," Composites, Vol 8, No. 4,
pp 245-50.

30




Talreja, R., 1981, "Estimation of Weibull Parameters for Composite Materials Strength and Fatigue Life Data,"
Fatigue of Fibrous Composite Materials, American Society for Testing Materials, STP 723,

pp- 291-311.

Tsai, S. W., 1988, "Composites Design," 4th Edition, Think Composites, Dayton, Ohio.

Van Dijk, G.M. and de Jonge, J.B., 1975, "Introduction to FALSTAFF," Proceedings 8th ICAF Symposium,
ICAF Document No. 801.

Yang, J. N. and Du, S., 1983, "An Exploratory Study Into the Fatigue of Composites Under Spectrum Loading,”
Journal of Composite Materials, Vol. 17, pp. 511-26.

31




